The relationship between ¢tness and parental similarity has been dominated by studies of how inbreeding depression lowers fecundity in incestuous matings. A widespread implicit assumption is that adult ¢tness (reproduction) of individuals born to parents who are not unusually closely related is more or less equal. Examination of three long-lived vertebrates, the long-¢nned pilot whale, the grey seal and the wandering albatross reveals signi¢cant negative relationships between parental similarity and genetic estimates of reproductive success. This e¡ect could, in principle, be driven by a small number of low quality, inbred individuals. However, when the data are partitioned into individuals with above average and below average parental similarity, we ¢nd no evidence that the slopes di¡er, suggesting that the e¡ect is more or less similar across the full range of parental similarity values. Our results thus uncover a selective pressure that favours not only inbreeding avoidance, but also the selection of maximally dissimilar mates.
INTRODUCTION
O¡spring born to closely related parents commonly show reduced ¢tness (Crnokrak & Ro¡ 1999; Husband & Schemske 1996; Keller 1998; Ralls et al. 1979; Saccheri et al. 1996) , particularly under stressful conditions (Dahlgaard & Ho¡mann 2000; Hauser & Loeschke 1996) . This phenomenon has long been recognized and is referred to as inbreeding depression (Darwin 1868; Charlesworth & Charlesworth 1987) , and is thought to be one of the primary selective forces opposing the build-up of deleterious recessive mutations (Lynch 1993) . Avoidance of inbreeding has probably played a major role in the evolution of dispersal and breeding behaviours (Brooker et al. 1990; Clutton-Brock 1989; Dobson et al. 1997; Goosens et al. 2001; Keane 1990) , and has implications for many areas of biology including conservation (O'Brien 1994; Hedrick & Kalinowski 2000) and human health (Bellamy et al. 2000) .
The term inbreeding depression often carries with it an unstated assumption that the majority of e¡ects involve loss of ¢tness in those few matings that occur between close relatives. Conversely, most individuals in a population are usually considered una¡ected by inbreeding depression, particularly once they have successfully reached adulthood. Indeed, there is some evidence that genetic incompatibility (Tregenza & Wedell 2000) and other factors can reduce the ¢tness of dissimilar pairs, a possibility referred to as outbreeding depression. By implication, there is some optimal intermediate level of parental similarity, which confers maximal ¢tness (Bateson 1982 (Bateson , 1983 .
Despite the wealth of data from laboratory studies, there is as yet relatively little information about the incidence of inbreeding depression in natural populations. A primary reason for this relates to the need for accurate, deep pedigrees in order to assess the level of inbreeding associated with any given individual. Suitable data can be obtained from intensive long-term studies, for example the Mandarte Island song sparrows (Keller 1998; Keller et al. 1994) or the red deer on Rum (Pemberton et al. 1992) , or from known family sizes in metapopulations (Saccheri et al. 1998) , but these are the exceptions not the rule. Similarly, while in plants it is possible to conduct experimental crosses between individuals of contrasting relatedness (Sheridan & Karowe 2000) , for most species of animal this is di¤cult.
Until recently, genetic methods for estimating parental relatedness were rather crude, being based on simple heterozygosity. However, two new genetic measures have been developed, which are very much more sensitive. First, mean d 2 is a measure based on the mutational di¡erence between microsatellite alleles, and is calculated as the squared di¡erence in length between the alleles at a locus averaged across all loci considered (Coulson et al. 1998) . Second, standardized heterozygosity (SH) is a method of calculating heterozygosity in which the score for each locus is weighted by the average heterozygosity at that locus .
Applied to natural populations of mammals, these new genetic methods are revealing a picture in which parental similarity in£uences o¡spring ¢tness for many di¡erent traits and appears to a¡ect essentially all individuals in the population. Thus, parental similarity in£uences birth weight and juvenile survival in red deer (Coulson et al. 1998 and harbour seals (Coltman et al. 1998) , and explains signi¢cant variation in parasite load of sheep , which in turn impacts on adult survival. The latest study shows that adult reproductive success of red deer is also negatively correlated with parental similarity, particularly among males (Slate et al. 2000) . If general, this would have remarkable implications for individual ¢tness and the maintenance of genetic variability, and would shift the emphasis of inbreeding e¡ects from mortality among inbred individuals to enhanced success among relatively outbred individuals.
Although fascinating, the red deer study leaves two key questions unanswered. First, the Rum population is currently small and isolated, and has a strongly polygynous breeding system in which inbreeding e¡ects might be particularly strongly felt. It is possible that less extreme breeding systems and less isolated populations will show little or no e¡ect. Second, it remains unclear whether the relationship between parental similarity and ¢tness extends across all matings or is instead driven by a small number of low-quality individuals born to exceptionally closely related parents, i.e. classical inbreeding depression. While this is an interesting possibility, it does not have the same evolutionary consequences as a system in which increased partner dissimilarity brings bene¢ts at all levels. This is because inbreeding depression alone selects only for the avoidance of mating with relatives, whereas a more general relationship would favour patterns of mate choice in which dissimilarity to self is a key factor.
To examine the generality of the in£uence of parental similarity on adult reproductive success we analysed large genetic datasets from natural populations of three additional species with contrasting breeding systems, none of which is strongly polygynous. We are able to show that the trend is general and appears to extend across the full range of parental similarity values.
METHODS

(a) Datasets
We used data from three large genetic studies in which parental similarity can be determined and over which reproductive success has been measured over many years. Dataset 1 is based on a 13-year study of grey seal (Halichoerus grypus) breeding behaviour at two Scottish breeding colonies, North Rona and the Isle of May Worthington Wilmer et al. 1999) . Breeding behaviour was until recently described as polygynous. However, recent molecular studies have shown that dominant males are not as successful as they appear (Amos et al. 1993b) , with as few as 1% of males fathering above average numbers of pups (Worthington Wilmer et al. 1999) , and that some level of partner ¢delity exists . Male reproductive success was determined by paternitytesting 288 North Rona males sampled over 12 years against 524 pups born to sampled mothers over an 11-year study period. Corresponding ¢gures for the Isle of May are 167 males sampled over 7 years tested against 319 pups sampled over 7 years. Some males were alive for the entire study period, but others inevitably either died during the study or only became adult after the study began. Paternities were assigned using the program NEWPAT, which allocates each pup either to a single matching male, or to which of several males is most closely related (Queller & Goodnight 1989) to the pup. Genuine paternities are included with high con¢dence, but the large number of pairwise comparisons results in signi¢cant numbers of type I errors, with some 35% of assignments being spurious (Worthington Wilmer et al. 1999) . Female reproductive success was estimated from sighting records, using the assumption that females who were not seen in a particular year did not produce a pup. Since some females undoubtedly died or left the colony during the study period, sighting records were taken as ending at the last sighting. All seals were genotyped for nine polymorphic microsatellites with a mean heterozygosity of 74% (Allen et al. 1995; Worthington Wilmer et al. 1999) .
Dataset 2 comprises 735 long-¢nned pilot whales, Globicephala melas, from 11 complete or near-complete social groups, that were caught in the Faeroese drive ¢shery between 1986 and 1988 (Amos et al. 1993a) . Male breeding behaviour in this species is thought to involve males from one group fertilizing females from another, with no single male dominating (Amos et al. 1991 (Amos et al. , 1993a Fullard 2001) . More recent analysis suggests that single males very rarely father more than one o¡spring in a group (K. J. Fullard and W. Amos, unpublished data). All individuals were genotyped for 16 highly variable microsatellite loci, including one locus with 70 alleles (Fullard 2001) . Ages for ca. 80% of animals were determined by tooth sectioning (Bloch & Lockyer 1993) . Maternal relationships were assigned using the program NEWPAT (Worthington Wilmer et al. 1999) to ¢nd genetically compatible pairs of animals with at least a 5-year age di¡erence and where the older animal was female. With such a large number of loci, some of which are extraordinarily polymorphic, we estimate only a 3^5% o¡spring assignment error, which is unlikely to distort the overall pattern of maternal reproductive success.
Dataset 3 comprises pairs of wandering albatrosses (Diomedea exulans) on Bird Island. Additional data from two other species of albatross (Thalassarche chrysostoma and T. melanophris) were also used. Albatrosses are considered the classical example of a monogamous species, and individual pairs produce a maximum of one egg per breeding attempt. All samples were genotyped for seven microsatellites. However, one locus in the wandering albatross showed a strong homozygote excess due to sex-linkage, and was excluded from the analysis for this species. No evidence of either null alleles or sex-linkage was detected in other species or at other loci. Since albatrosses have biparental care (Cobley et al. 1998; Croxall et al. 1990) , in addition to examining the e¡ect of parental similarity on reproductive success of males and females separately, it is also possible to test the in£uence of parental similarity on the success of pairs. For each pair, parental similarity is taken as the average similarity of the two parents. Also, reproductive success can be measured in terms of either the number of eggs that successfully hatch, or the number of o¡spring that survive to £edge. As with the grey seals, sighting records for particular pairs varied greatly, from one season up to 14. With three species of albatross, three measures of parental similarity and two measures of o¡spring number, a total of 18 testable relationships was possible.
(b) Estimation of parental similarity
Previously published methods for assessing parental similarity include mean d 2 , heterozygosity and SH. Mean d 2 depends on long-term mutational di¡erences and hence may be better suited to situations involving population admixture rather than e¡ects present in otherwise homogeneous populations . SH is an improvement over heterozygosity because scores at each locus are weighted by the heterozygosity at that locus. Better still would be a measure based on allele sharing where the frequency of every allele counts towards the ¢nal score, thereby allowing the sharing of rare alleles to be weighted more than the sharing of common alleles. Queller & Goodnight (1989) have developed just such a measure of relatedness, based on the genetic correlations between two individuals. Although usually applied to comparisons between pairs of individuals, their method can also be applied to data in which, at each locus, two alleles rather than two pairs of alleles are compared. In this special case their basic formula simpli¢es to:
where H is the number of loci that are homozygous, N is the number of loci and f i is the frequency of the ith allele contained in the genotype. No adjustment is made to the allele frequency estimates for the alleles carried by the individual concerned (Queller & Goodnight 1989) . When calculated over several loci, the resulting value shares the same attractive properties as r-values, being approximately normally distributed and centred more or less on zero for individuals born to`unrelated' parents, with negative values suggesting relatively`outbred' individuals and high positive values being suggestive of inbreeding. Since the quantity being measured is between parental half-genotypes within an individual, we refer to the measure as internal relatedness (IR). All three measures were assessed for their abilities to explain a signi¢cant proportion of the observed variation in reproductive ¢tness. Since d 2 values vary greatly between loci, a simple arithmetic mean will give undue weighting to loci with large allele size ranges. For this study we attempted to achieve a more even weighting by diving all d 2 values by the maximum observed value at the same locus. The resulting values never exceed one and were averaged across loci to yield a measure we term`standardised mean d 2 '.
(c) Statistical analysis
Relationships between parental similarity and reproductive success were analysed using generalized linear models (GLMs). Where reproductive success was expressed in terms of the proportion of breeding attempts that were successful (female grey seals, albatrosses), a binomial error structure was used. Where success was measured in terms of number of attributable o¡spring (male grey seals, female pilot whales) a Poisson error structure was used. In all cases, number of progeny was ¢tted as the dependent variable and parental similarity as the independent variable. Each model was ¢tted to n observations and yields a slope with standard error and deviance explained (w 2 ). For pilot whales, an age covariate was ¢tted. Parental similarity values were calculated using an EXCEL macro written in VISUAL BASIC, and statistical analyses were conducted using GENSTAT (GENSTAT 5 Committee 1995).
RESULTS
Our results are summarized in table 1. In all three primary studies (in bold: grey seals of both sexes on North Rona, pilot whales and wandering albatrosses based on £edged o¡spring) signi¢cant relationships exist between parental similarity and reproductive success, measured as IR (negative trends) and SH (positive trends), indicating that individuals born to dissimilar parents tend to grow up to become successful adults. Of the 19 remaining relationships for IR, all but three have a negative slope. Thus, even though most tests do not show signi¢cantly non-zero slopes and in no case does IR explain more than 5% of the variance in ¢tness, overall we can reject the null hypothesis of no relationship with high con¢dence (H 0 equal numbers of positive and negative slopes, p $ 0.004, binomial exact). Furthermore, all counter-trend slopes are borderline, accounting for three of the smallest ¢ve w 2 -values. An essentially identical pattern is seen for SH, with all but two slopes being positive. Finally, at the Isle of May, only 5 out of 167 males fathered more than three pups and these successful males dominate the relationship. Removal of these males reveals a signi¢-cant negative trend (slope À0.59, p 0.02).
To test whether the generally negative relationships could be driven by the presence of small numbers of unsuccessful individuals born to related parents (`inbred'), the data were further subdivided into individuals with above mean parental similarity and those with mean or below-mean parental similarity. As expected with smaller sample sizes, levels of signi¢cance fall. However, the proportion of negative relationships remains high (below-mean 15/21 negative, mean slope À0.65 AE 0.33 s.e.m.; based on individuals with above-mean parental similarity, 17/21 relationships yield a negative slope, mean slope À0.38 AE 0.22 s.e.m.). Since neither the mean slope nor the proportion of negative slopes di¡ers among the two groups, parental similarity appears to in£uence reproductive success over its entire range. This is supported by local regressions (see ¢gure 1 for a typical example), which show no evidence that the local slope changes consistently with either increasing or decreasing parental similarity. Also, in none of our studies do we see evidence of optimal outbreeding (Bateson 1982 (Bateson , 1983 where highest ¢tness is associated with intermediate IR values. By implication, our study populations do not encompass a su¤ciently large range of parental similarity values for negative outbreeding e¡ects to become important.
Comparing the three measures of parental similarity, it is noticeable that mean d 2 explains less variability in ¢tness than the other two measures (table 1) , and is less strongly correlated with them (¢gure 2). Thus, in no case does mean d 2 explain signi¢cant variation in ¢tness, and in every case where the other measures yield signi¢cant w 2 -values, mean d 2 explains signi¢cantly less variation in ¢tness. The measures IR and SH are highly correlated and both perform well. In the only case where one measure explains signi¢cantly more variation in ¢tness than the other (grey seal males at North Rona), IR explains more variation in ¢tness than SH. Moreover, if the slope of the IR^success relationship (as a surrogate for strength of e¡ect) is plotted against di¡erence in w 2 -value between IR and SH, a signi¢cant relationship is found (r 0.61, n 23, p 5 0.01), indicating that the stronger the e¡ect, the better IR performs relative to SH.
For the albatross datasets, two independent inbreeding e¡ects could a¡ect £edging success, namely the e¡ect we are looking at (parental quality as in£uenced by the relatedness of the parents' parents) and the inherent quality of the chicks, in terms of their own inbreeding coe¤cients (Bensch et al. 1994) . Although not the focus of the current study, we also ¢tted inter-parent relatedness (measured as Queller and Goodnight r) as an extra explanatory variable in each species. Only the mean IR^£edging success models were tested. In all three species, increased relatedness between the parents tended to reduce £edging success, the e¡ect being signi¢cant in grey-headed, borderline in wanderer and non-signi¢cant in blackbrowed albatrosses (data not shown).
DISCUSSION
In this paper we use a new genetic measure of parental relatedness to show that reproductive success in two marine mammals and three species of albatross is related to parental similarity such that individuals born to genetically dissimilar parents tend to produce greater than average numbers of o¡spring. There is no evidence that these relationships are due mainly to small numbers of poor quality`inbred' individuals, but instead the slopes appear homogeneous over the entire range of individuals.
We show that in the vast majority of all tests conducted, parental similarity is negatively related to adult reproductive success, and that, wherever sample sizes are large, the relationships become signi¢cantly negative. However, some caution is needed when interpreting the male grey seal results, where success is measured by paternity testing and where genuine paternities are`diluted' by spurious assignments due to type I errors a¡ecting the large number of pairwise comparisons. Heterozygous males will tend to match more pups by chance compared with homozygous males, giving rise to an ascertainment bias. This bias is likely to explain some of the e¡ect we observe, although it is interesting that the most successful males on the Isle of May have high IR values, with greater than average homozygosity. Data for the pilot whales, where errors in maternity assignment are rare, and for female grey seals and albatrosses, where success is determined by observation rather than by genetic testing, are not a¡ected by this bias.
Among the three measures of parental similarity we compared, mean d 2 proved substantially less e¡ective than SH, as reported previously (Coltman et al. 1998; Slate et al. 2000) . SH was itself marginally less e¡ective than our new measure, IR. This rank order agrees with a priori expectations. Mean d 2 is based on long-term mutational divergence between alleles, has a large variance and will be best suited to situations where population admixture has occurred . Measures of heterozygosity capture information about the number of homozygous loci in an individual relative to the number expected by chance. SH makes allowance for variation in variability between loci, but within each locus a simple binary homozygote^heterozygote classi¢-cation is used. IR goes one step further, weighting each genotype by the frequencies of the alleles involved, such that rare allele homozygotes are given more weight than homozygotes for common alleles.
Previous studies using genetic measures to explore the relationship between inbreeding and ¢tness exploited intensively studied island populations of sheep and deer Coulson et al. 1998 Coulson et al. , 1999 Pemberton et al. 1996) , where many key variables such as parental body weight, birth year and birth date could all be controlled statistically. By contrast, our studies were conducted on small subsections of much larger populations, for the most part precluding such detailed monitoring and such reliable paternity analysis. For example, while some grey seal males were reproductively active over the whole 13-year study period, others may have appeared for only part of a single season, yet because presence could not be accurately quanti¢ed, all males had to be treated as potentially present for the whole study period. This has the disadvantage that the strength of the e¡ects that we see may be underestimated or even not detectable. On the positive side, any patterns we do ¢nd are likely to be in reality even stronger. Also, a possible criticism of studies based on small, isolated, polygynous populations is that a single successful male could dominate the analysis. For example, one of the most successful of all Rum stags had a Rum mother but a mainland father (Slate 1999) , making it di¤cult to determine whether he and his many o¡spring were successful because they were outbred, or because they inherited`good genes' from their high-quality father.
Two recent studies suggest that inbreeding e¡ects can impact negatively on adult reproductive success. First, experimentally inbred mice (F i 0.25) released into a semi-natural environment proved less ¢t than competing outbred controls (Meagher et al. 2000) . Second, individual SH and reproductive success are positively correlated in red deer, particularly among males (Slate et al. 2000) . However, neither of these studies explicitly distinguished between an e¡ect due to the presence of a small proportion of inbred individuals with low success and a more general pattern in which greatest success consistently goes to individuals born to maximally dissimilar parents, though the deer data suggest strongly that maximally outbred males are unusually successful. This is an important distinction, which would determine the extent to which breeding behaviours might go beyond simple incest taboos to evolve mechanisms of selecting maximally dissimilar partners. Our study suggests that e¡ects are felt across the full range of parental similarity, and hence that, all other things being equal, females can increase their ¢tness by seeking out dissimilar mates. Ultimately, too much dissimilarity will of course result in outbreeding depression (Bateson 1983; Marshall & Spalton 2000) . However, our study provides no evidence that this limit is reached in natural populations.
Our observations identify a continuum of e¡ect ranging from the most`inbred' to the most`outbred' individuals. In this context, the terms`inbreeding'and`outbreeding' begin to appear somewhat arti¢cial. For example, are the ¢ttest individuals successful because they are less inbred or because they are more outbred? Unless a clear mechanistic distinction can be made between the two ends of the spectrum, perhaps a more neutral term such as`parental similarity' might be preferable.
The relative strengths of the relationships between ¢tness and parental similarity in the albatross datasets suggest two aspects of the species' biology that may be particularly important. First, the w 2 -values for average parental IR and SH values are signi¢cantly larger than those for either fathers or mothers alone. By implication, pairs comprising two average parents tend to outperform pairs with one`inbred' and one`outbred' parent. This subtle distinction emphasizes the known importance of biparental care in albatrosses. Second, the strongest trends are found for the number of £edged chicks rather than for the number of hatched eggs. This implies that parental`quality' is better re£ected in a bird's ability to guide chicks through to £edging than simply in the ability to lay fertile eggs.
If relatively outbred individuals within a population generally enjoy enhanced reproductive success, there would be implications for many areas of evolutionary biology. First, it would tend to increase the e¡ective size of a population, promoting higher levels of variability and increasing the advantage of dispersal, sperm selection and other mechanisms of inbreeding avoidance. This accords with increasing numbers of reports describing mate choice in favour of dissimilar partners (Amos et al. 2001; Kelley et al. 1999; Olsson et al. 1996; Stockley 1999) . Second, statistical removal of the e¡ects of parental similarity might enhance the informativeness of studies of natural populations looking at heritable components of ¢tness such as body weight and sexually selected traits. This would be particularly important if, as seems to be the case, inbreeding e¡ects are felt most strongly in traits directly associated with ¢tness (DeRose & Ro¡ 1999). Finally, our observation provides a fascinating added complexity to the question of what makes a high-quality mate. In general terms, greater success among dissimilar pairs would provide a selective force acting against evolutionary patterns that tend to increase mean relatedness, such as polygyny and strong directional selection. Amusingly, this also seems to o¡er a possible basis for sayings such as`opposites attract' and a reason why the stereotypical attractive man is not only`tall and dark', but alsò a stranger'!
